We report the first detection of hydrogen fluoride (HF) toward a high redshift quasar. Using the Caltech Submillimeter Observatory (CSO) we detect the HF J = 1 − 0 transition in absorption toward the Cloverleaf, a broad absorption line (BAL) quasi-stellar object (QSO) at z=2.56. The detection is statistically significant at the ∼ 6σ level. We estimate a lower limit of 4 × 10 14 cm −2 for the HF column density and using a previous estimate of the hydrogen column density,
Introduction
The astrochemistry of the early Universe is crucial for understanding the properties of molecular gas in the early epoch of galaxy formation and for providing fundamental constraints on galaxy evolution. To date, a fairly small number of species, other than CO, have been detected at z > 2 (e.g. HCN, HNC, CN, H 2 O; Guélin et al. 2007; Riechers et al. 2010; Lis et al. 2011; Omont et al. 2011) . Observations with the Herschel Space Observatory (Pillbratt et al. 2010 ) have allowed for the first time the detection of the J = 1 − 0 transition of hydrogen fluoride (HF) at 1.232 THz in the local universe, and revealed the ubiquitous nature of this molecule in the interstellar medium (ISM) of the Milky Way. Indeed, HF has proven to be a good tracer of molecular gas in the ISM, being detected in environments as diverse as Orion KL, OMC-1 (Phillips et al. 2010) , as well as diffuse clouds on the lines-of-sight toward W49N, W51 (Sonnentrucker et al. 2010 ), W31C (Neufeld et al. 2010) and Sagittarius B2(M) (Monje et al. 2011 ) and in two nearby active galaxies, Mrk 231 (van der Werf et al. 2010 ) and Arp220 (Rangwala et al. 2011 ). This transition is generally observed in absorption, as expected, due to its very large A-coefficient, A 10 = 2.42 × 10 −2 s −1 . Only an extremely dense region, with a strong radiation field, could generate enough excitation to yield an HF feature in emission (Neufeld & Wolfire 2009 (Magain et al. 1988 ).
Venturini & Solomon (2003) derived a lens model for the Cloverleaf using CO J = 7 − 6 data obtained from the IRAM Plateau de Bure interferometer (PdBI). Their model suggests that the CO emission originates from a region of ∼ 800 pc. The large size of the CO source suggests that the Cloverleaf is a composite object, with a central powerful active galactic nucleus (AGN) and an extended starburst region similar to the nearby ultra luminous infrared galaxies (ULIRGs). The large luminosity, the substantial lense magnification and the composite nature of this object make the Cloverleaf a good candidate to perform absorption line studies toward the AGN, providing an excellent laboratory for studying gas evolution with redshift in galaxies.
We have searched for the HF J = 1 − 0 transition, redshifted to 346 GHz, in the Cloverleaf using the Caltech Submillimeter Observatory (CSO). These observations are described in Section 2 below. Our results are presented in Section 3 and discussed in Section 4. The detection of hydrogen fluoride reported here marks the first discovery of this molecule at a redshift z > 0.042.
Observations
We have used the 10.4 m CSO telescope to observe the J = 1 − 0 transition of HF, with rest frequency of 1232.4762 GHz (Nolt et al. 1987) , toward the Cloverleaf quasar.
The observations were carried out during two independent observing runs in March and Whereas the absorption depth is the same for both spectrometers, the continuum level is different, due to backend related instabilities. Assuming a high optical depth (i.e.
saturated absorption), a good approximation given that the HF optical depths are typically larger than those of other submillimeter transitions, such as H 2 O and CH, we estimate the SSB continuum level to be equal to the absorption depth and obtain an upper limit to the continuum level of 3.5 ± 1 mK which corresponds to 114 ± 33 mJy (using a conversion Jansky to Kelvin of S/T mb = 32.5 J y /K). This value, within the uncertainties, agrees with the ∼ 70 mJy value obtained by extrapolating to the observed frequency the best-fit continuum of Bradford et al. (2008) .
For data reduction and analysis, the IRAM GILDAS package was used. Individual spectra were averaged by weighting by the noise in each spectrum. The final r.m.s. in both backends is consistent and has a value of 0.99 mK over 20 km s −1 . Figure 2 shows the average spectrum obtained with the high resolution FFTS backend, smoothed to a 20 km s −1 resolution, with a linear baseline subtracted. We apply a Gaussian fit to the observed spectrum to calculate the significance of the detected line. We obtain an absorption-line equivalent width of 55 km s −1 , a peak intensity of -4.1 mK and a central velocity of -113 km s −1 . The velocity shift is well within the width of the observed CO line profiles (Alloin et al. 1997) . The equivalent width of the line is only twice our velocity resolution, therefore we cannot exclude the possibility that the line could have partially unresolved substructures. Riechers et al. (2011) found from their HCO + (J = 4 − 3) excitation modeling that the dense gas excitation in the Cloverleaf is consistent with being purely collisional, rather than being enhanced by radiative processes, as suggested for similar sources like APM 08279+5255 (z = 3.91) where high-J HCN transitions are substantially enhanced by radiative excitation through pumping of mid-infrared rovibrational lines (Weiß et al. 2007; Wagg et al. 2005; Riechers et al. 2010) . The strong radiation field could have led to photodissociation of HF and explain its low abundance in this source ).
Results
Therefore, due to its large spontaneous emission coefficient (2.42 × 10 −2 s −1 ) and low rates of collisional excitation, we expect that most HF molecules toward the Cloverleaf will be in the ground rotational state. In that case, we can estimate a lower limit for the total HF column density by use of the following expression:
where ∆ν is the line FWHM, λ = 243.2 µm is the wavelength of the observed transition, A ul = 2.42 × 10 −2 s −1 is the Einstein coefficient, g l = 1 and g u = 3 are the degeneracy of the lower and upper levels and τ is the optical depth. Following the assumption of saturated absorption we use a τ greater than 3 for our lower limit calculations.
We obtain a conservative lower limit on the total HF column density of ∼ 4 × 10 14 cm −2 .
Discussions and Conclusions
The mechanism of fluorine nucleosynthesis still remains highly debated. To date, three different possible scenarios for the nucleosynthesis of fluorine have been proposed: neutrino capture by 20 Ne in Type II supernovae proposed by Woosley & Haxton (1998) , production in AGB stars (e.g. Mowlavi et al. 1996) and in Wolf-Rayet stars (Meynet & Arnould 2000) . However, the relative importance of these various processes remains unclear. Our detection of hydrogen fluoride towards the Cloverleaf quasar at z = 2.558 represents the earliest fluorine ever detected (just 2.6 Gyr after the big bang assuming H 0 = 71 km/s, λ = 0.73, Ω M = 0.27), and argues for significant production in high mass stars (i.e.
Wolf-Rayet stars or supernovae). source shows that the HF line is also an extremely sensitive tool to trace molecular material toward high-redshift objects. From the HF absorption line observed toward the Cloverleaf we place a lower limit of 4 × 10 14 cm −2 on the HF column density. Bradford et al. (2008) used the observed strength of the CO J = 6 − 5, J = 8 − 7 and J = 9 − 8 lines and the disk model from Venturini & Solomon (2003) to derive a total gas column density of the order of N H ∼ 4.6 × 10 23 cm −2 over the projected disk. Since the HF line is seen in absorption, the relevant H 2 column density, for the HF abundance calculation, is that in front of the continuum source, which should be ∼1/2 of the total hydrogen column density. Thus, we obtain a conservative lower limit of the HF abundance of > 1.7 × 10 −9 . Our observations suggest that, assuming a Galactic N(HF)/N H ratio, HF accounts for at least ∼10% of the fluorine in the gas phase along the line of sight to the Cloverleaf quasar.
The spectrum shown in Fig. 2 shows an absorbing component shifted from the source systemic velocity by ∼-113 km s −1 . The CO J = 7 − 6 line from Kneib et al. (1998) and a slower decrease on its red side (25 to 225 km s −1 ). Kneib et al. (1998) found that the CO emission in the Cloverleaf originates in a disk-or ring-like structure. The absorbing component in our HF spectrum coincides in the velocity frame with excess emission (with respect to a standard Gaussian) on the blue side of the CO J = 7 − 6 line. From the blue bump appearing on the CO J = 7 − 6 and the velocity shifted HF line profile, we expect that the blue-shifted part of the CO and HF line arises from a region of the molecular torus which is positioned closer to the caustic of the lens. Future higher-sensitivity observations with ALMA are needed to establish the velocity distribution of HF and spatially resolve the four lensed lobes of the source. 
